ABSTRACT The selection processes that have resulted in broiler (meat) and leghorn (eggs) chickens have had very different effects on the pectoralis major and supracoracoideus muscles. The objective of this study, therefore, was to analyze the one-dimensional proteomic profiles of sarcoplasmic protein fractions isolated from the p. major and supracoracoideus muscles collected from 10 chicks from each genotype to compare developmental differences. The sarcoplasmic protein fraction was analyzed by SDS-PAGE. The mean band percentages were analyzed using a mixed model, with strain and muscle type as main effects. Six bands were found to be significantly different across the 2 strains. Strain differences in glycogen phosphorylase, enolase, elongation factor 1, creatine kinase, fructose-bisphosphate aldolase, and glyceraldehyde 3-phosphate-dehydrogenase suggest a genotype-specific shift in energy metabolism during breast muscle growth and development.
INTRODUCTION
Within the commercial poultry industry, decades of selection for reproductive efficiency (egg production) versus growth (BW, muscle development) have resulted in the differential development of current strains of commercial Leghorn and broiler chickens (Dransfield and Sosnicki, 1999) . Whereas the phenotypic differences in breast muscle development in each strain are readily apparent, the genotypic mechanisms underlying the process of breast muscle growth in each strain has not been elucidated.
The breast muscle in chickens is composed of the pectoralis major and supracoracoideus muscles. The p. major muscle is the predominate contributor to the increase in breast yield in commercial broilers, and selection for maximum total breast muscle yield has had a different effect on the p. major compared with the supracoracoideus. The p. major is the primary muscle used during the downstroke of the wing during flight. Whereas the supracoracoideus, along with other shoulder muscles, are active during the downstroke-upstroke transition in level flight (Rayner, 1988; Dial, 1992) .
Proteomic analysis has been one tool used to study protein developmental patterns in skeletal muscle (Ohlendieck, 2010) . This type of analysis of muscle tissue is often facilitated by separation of samples based on differences in protein solubility. The 3 primary protein fractions in skeletal muscle are high-salt-soluble myofibrillar proteins, acid-soluble connective tissue proteins, and low-salt-soluble sarcoplasmic proteins (Koohmaraie et al., 2002) . The myofibrillar and connective tissue protein fractions are largely the structural proteins that make up the scaffolding and contractile machinery of a given muscle, and the sarcoplasmic fraction contains the soluble proteins (enzymes) that are involved in the metabolic regulation of muscle function (Jia et al., 2006; Sayd et al., 2006) . The differential solubility of skeletal muscle proteins, therefore, could potentially be exploited to obtain insight into the abundance of proteins with metabolic activity by reducing the complexity of the sample being studied. Thus, the objective of this study was to characterize the one-dimensional proteomic profiles of the sarcoplasmic protein fractions isolated from the p. major and supracoracoideus muscles in Leghorn and broiler strain chicks.
MATERIALS AND METHODS

Birds and Sampling
Ten commercial broiler (Ross 708) and 10 commercial Leghorn chicks (Hyline W-36) were used in the current study. Chicks from each strain were raised in separate sections of a battery brooder cage at The Ohio State University Poultry Facility in Columbus. All birds were fed a commercial broiler starter diet that met or exceeded the NRC nutrient recommendations for chickens (NRC, 1994) . Diet and water were provided ad libitum throughout the experiment. Chicks were under a 23L:1D regimen for the first 2 d and then a 20L:4D regimen until birds were killed. Birds were killed at 28 d of age by cervical dislocation after CO 2 stunning. Individual samples of the p. major and supracoracoideus were taken immediately postkill. All of the birds were handled in compliance with the Institutional Animal Care and Use Committee policies and guidelines at The Ohio State University (Columbus, OH). All samples were flash-frozen in liquid nitrogen and stored at −80°C until the sarcoplasmic fraction preparation for SDS-PAGE analysis was performed.
Proteomic Analysis
The p. major and supracoracoideus were sampled and homogenized from each of 10 broilers and 10 layers. The sarcoplasmic fraction from each of the 40 samples were randomly allocated to individual lanes on gels and subjected to electrophoresis. To obtain the sarcoplasmic protein fraction from each sample, 250 mg of muscle tissue from the p. major or the supracoracoideus were homogenized (OMNI International, Marietta, GA) at full speed in 2 mL of cold rigor buffer [10 mM Trismaleate, 60 mM KCl, 5 mM MgCl 2 , 1 mM EGTA, 0.4 mM Pefabloc SC Plus (Boehringer Mannheim Corp., Indianapolis, IN), pH 6.8] for 45 s on ice. The homogenate was centrifuged at 10,000 × g for 10 min at 4°C, and the supernatant was collected and recentrifuged a second time under the same conditions. The supernatant obtained after the second centrifugation step was designated as the sarcoplasmic fraction. Five-hundred microliters of the sarcoplasmic fraction were thoroughly mixed with one milliliter of sample buffer (8 M urea/2 M thiourea, 75 mM DTT, 50 mM Tris, 3% SDS, 0.004% bromophenol blue, pH 6.8) and incubated on ice for 30 min. For the one-dimensional electrophoretic separation, samples were centrifuged again at 10,000 × g for 10 min at room temperature before loading into a 1 mm × 12 cm × 14 cm discontinuous polyacrylamide slab gel consisting of a 10% resolving gel [30:0.8, acrylamide/N,N0-bis(methylene acrylamide)] and a 3% stacking gel. Electrophoretic separation was carried out at a constant voltage of 10 V/cm. Following electrophoretic separation, an image of the gel was created and analyzed as described previously (Zapata et al., 2009 ) on a Typhoon 9410 laser scanner (GE Healthcare, Chalfont St. Giles, UK). Digital images were analyzed using the Total Lab TL120 (Nonlinear Dynamics Inc., Newcastle upon Tyne, UK) software.
Statistical Analysis
The statistical analysis was performed using a mixed model to estimate the mean band percentage values and mean band percentage differences across strains and muscle types. The effects due to strain, muscle type, and their interaction were treated as fixed effects whereas the effect of the individual bird was treated as a random effect. A treatment group is defined by the strain × muscle-type interaction, thus there were a total of 4 treatment groups. In addition, the experiment was analyzed using repeated measurements from the same bird; this was done to accommodate the covariance across samples taken from different muscles but from the same bird. All estimates were obtained per band, which implies that all the previous variables had the band interaction effect included. The model is
where Band percentage ijkl is the dependent variable measured on the ith band of the jth strain of the kth muscle type from the lth bird; Band i is the effect of the ith electrophoretically resolved band matched across lanes and gels in the image analysis software (i = 1, ..., 40); Strain j is the effect of the jth chicken strain (j = broiler or Leghorn); Muscle type k is the effect of the kth muscle type (k = p. major or supracoracoideus); Animal l is the random effect of the lth individual bird (l = 1, …, n); ε ijkl is the random error inherent to each measurement, which is assumed to be independent of other observations and normally distributed with mean zero and standard deviation of σ 2 . Mean differences were only estimated within the same band using a Bonferroni adjusted α to control the error in an experimentwise manner. Slice effects were estimated within bands to identify the source of variation. Analyses were performed using the SAS v.9.2 (SAS Institute Inc., Cary, NC) statistical software.
Band Sequencing and Sequencing Interpretation
Bands found to be significantly different across the treatment groups were submitted for sequencing to the Mass Spectrometry and Proteomics Facility of the Campus Chemical Instrument Center of The Ohio State University. Samples submitted were run in a separate gel that was not part of the initial set of gels used for the statistical analysis. Bands were identified by their molecular weight. For each significant band, a pooled sample was prepared that contained equal proportions of 3 random samples from separate birds within each treatment group. The pooling of samples prevents the interpretation of results based on sequencing results from a single bird.
In gel digestion, nano-LC-MS/MS was performed following established methods described previously (Zapata et al., 2009) . Mascot search results were blasted against the NCBInr database 2009-10-13 (9,873,339 sequences; 3,367,482,728 residues) under the Metazoa (animals; 1,188,599 sequences) taxonomy. Band sequencing results were interpreted after trimming the list. Each sequencing results list was trimmed by removing entries for keratin (contaminant), trypsin (enzyme used for digestion), and entries from nonvertebrate organisms. In addition, identifications based on one fragment matches were removed to ensure the reliability of the data (Wilkins et al., 2006) .
Multiple protein identifications were consolidated into a single, generic identification for ease of interpretation. We assumed that if there were multiple protein identifications for the same generic protein, such as creatine kinase reported in other species, that the protein, creatine kinase was present.
RESULTS AND DISCUSSION
One-Dimensional Proteomic Profiles
Forty bands were identified and matched across samples and gels by Total Lab TL120. The bands were assigned a consecutive index number beginning at the top of the gel. The percentage staining intensity that each band contributed to the total staining of all the bands within each lane was statistically analyzed and 6 bands were identified as being significantly different across the treatment groups.
Bands are referred to by their assigned index number (Figure 1) . The estimated molecular weights of bands identified were 93.0 kDa for band 8, 55.2 kDa for band 16, 46.9 kDa for band 21, 42.9 kDa for band 25, 40.0 kDa for band 26, and 37.8 kDa for band 27.
Mean band percentages for the significant bands are presented in Figure 2 where representative samples were selected. Table 1 displays the significance values for the slice effect, which help with the interpretation of the mean band percentage differences by revealing which factor is responsible for the observed differences across main effects and interaction effects. Bands 8, 21, 26, and 27 were significantly different within the strain main effect whereas bands 16 and 25 were not. In the same manner, bands 8, 21, 25, and 27 were significantly different within the muscle type main effect while bands 16 and 26 were not. All bands were significantly different within the strain × muscle type interaction effect. Band 16 was only significant within the interaction effect. The only significant difference found in band 16 was between the Leghorn supracoracoideus and broiler p. major.
Sequence Analysis
The protein ID consolidation performed in this study was based on the premise that the homology of the protein sequences is derived from the orthology of the genes that encode them. Proteomic studies are a bioinformatics challenge to those who conduct this type of research (Supplemental Table 1 ; available in the online version of this paper at http://ps.fass.org), and this has been recognized as a priority funding area by the National Science Foundation. A simple consolidation of protein identifications permits a more intuitive interpretation of mass spectrometry sequencing data.
Band 8, which was associated with the strain and muscle-type main effects, migrated at an estimated molecular weight of 93.0 kDa and contained glycogen phos- Figure 1 . Comparison of the one-dimensional proteomic profiles of the sarcoplasmic fraction of chicken pectoralis major and supracoracoideus muscle across 2 strains. BR = Bio-Rad broad-range molecular weight standards; Maj = pectoralis major; Sup = supracoracoideus; b8, b16, b21, b25, b26, and b27 are the bands identified to contain significant differences across the treatment groups.
phorylase in all groups. Only in the Leghorn p. major was Ca 2+ ATPase SERCA3a also identified. Glycogen phosphorylase catalyzes the rate-limiting step in the metabolism of glycogen (Bollen et al., 1998) and has been reported to be associated with accelerated growth in chickens. Broiler chicks possess higher concentrations of glycogen phosphorylase than Leghorn chicks at 8 wk but not at 3 wk of age (Flannery et al., 1992) . The calcium ATPase SERCA3a subunit was only identified from 2 matches in the Leghorn p. major and because it only appeared in one muscle of one strain and only 2 fragments were matched, we assume this protein is simply a comigrating protein.
Band 21, which was associated with the strain and muscle-type main effects, migrated at an estimated molecular weight of 46.9 kDa. Band 21 contained elongation factor 1 (EF-1) and enolase in all groups and pyruvate kinase in all but the broiler supracoracoideus and adenylosucciate syntase in the Leghorns. The EF-1 catalyzes the binding of aminoacyl-tRNA molecules to the A-site of the ribosome during mRNA translation and is associated with the regulation of important cellular processes, such as translational control, cell signaling, and nutrition (Ejiri, 2002) . The EF-1 has also been reported to be associated with egg production efficiency (Yang et al., 2007 (Yang et al., , 2008 , whereas enolase is an enzyme that converts 2-phosphoglycerate into phosphoenolpyruvate during glycolysis (Kim and Dang, 2005) . Enolase has also been linked to transcriptional regulation and cell growth regulation (Ghosh et al., 1999) . These proteins are present in broiler muscle tissue at a higher concentration than in Leghorn muscle, and this may be a reflection of the increased growth of breast muscle in the former strain. Adenylosuccinate-synthetase catalyzes the de novo synthesis of adenosine monophosphate (AMP; Honzatko and Fromm, 1999) and was only identified in 3 to 5 fragments in the Leghorns. AMP is involved in the regulation of proglucagon expression in mammals (Kieffer and Francis Habener, 1999; Richards and McMurtry, 2009 ) and could contribute to differences in the metabolism of glucose during differential breast muscle growth in the 2 strains. The broiler supracoracoideus was the only muscle in which pyruvate kinase was not identified. The appearance of pyruvate kinase in this band may be a function of proteolysis because the full length molecular weight of this protein is approximately 16 kDa heavier than the estimated molecular weight of the band. Pyruvate kinase has been associated with meat tenderness in chickens, although no proteolysis data was reported in that study (Mekchay et al., 2010) .
Band 25 was associated with muscle-type main effect and migrated at an estimated molecular weight of 42.9 kDa. In all treatment groups, it only contained creatine kinase, which catalyzes the reversible transfer of a phosphoryl group from phosphocreatine to ADP in the regeneration of ATP (Wallimann et al., 1998) . Creatine kinase has been used as a meat quality marker, given that increased levels are associated with muscle anomalies leading to lower processing quality (Sandercock et al., 2009) . It is reasonable to suggest that the supracoracoideus muscle has the potential for poorer processing quality traits compared with the p. major based on creatine kinase levels alone. However, protein comigration within a band prevents a definitive conclusion. Other proteins were also identified, but not consistently, across all treatment groups. Pyruvate kinase was identified in band 21 migrating as a fragment approximately 15 kDa smaller than the full-length protein molecular weight. This protein was not identified in the broiler p. major. Enolase was identified in band 21 only in the Leghorn migrating at a molecular weight approximately 5 kDa smaller than the full-length molecular weight. Fructose bisphosphate aldolase was identified in all treatment groups except the Leghorn p. major by a small number of fragments in a band migrating at a molecular weight higher that its full-length molecular weight by 3 kDa. This could be due to experimental error or to transglutaminase activity in the muscle (Zapata et al., 2009) . Glyceraldehyde 3-phosphate-dehydrogenase (GAPDH) was also identified in the Leghorn supracoracoideus and the broiler p. major by a small number of fragments in a band migrating at a molecular weight that was 7 kDa higher than its full-length molecular weight. Either experimental error or transglutaminase activity is likely to have caused GAPDH appearance, and it will be further noted in the discussions of band 27. Aspartate aminotransferase and phosphorylase kinase gamma subunit 1 were only identified in the Leghorn supracoracoideus, and because they only appeared in one muscle from one strain and only 2 fragments were matched, we assume these proteins are not biologically relevant or more likely are comigrating proteins.
Band 26, which was identified as a strain main effect, migrated at an estimated molecular weight of 40.0 kDa and contained fructose-bisphosphate aldolase, a creatine kinase fragment, and GAPDH migrating at a molecular weight greater than its full length. There were higher mean band percentages for this band observed in the p. major versus the supracoracoideus and in the Leghorn samples. Fructose-bisphosphate aldolase catalyzes the reversible conversion of fructose 1,6-diphosphate to glyceraldehyde 3-phosphate and dihydroxyacetone phosphate during glycolysis (Zgiby et al., 2000) . Fructose-bisphosphate aldolase has been associated with hypoxia adaptation in chickens (Wang et al., 2007) . A decrease in the concentration of this enzyme may suggest a transition toward an anabolic state due to reduced glucose utilization as a method of increasing the rate of growth. The relationship of fructose bisphosphate aldolase to breast yield or skeletal muscle growth remains unresolved. A creatine kinase fragment was identified in band 26. Creatine kinase fragmentation has been reported to occur postmortem, as it is susceptible to several proteases, including calpains and cathepsins, which are active postmortem enzymes (Daroit and Brandelli, 2008) . Also, GAPDH was identified in all the treatment groups except the broiler p. major by a small number of fragments in a band migrating at a molecular weight higher than its full-length weight by approximately 4 kDa. Either experimental error or transglutaminase activity could have caused this, and GAPDH will be discussed further with band 27.
Band 27, which was associated with the strain main effect, migrated at an estimated molecular weight of 37.8 kDa. It contained GAPDH, a fragment of fructosebisphosphate aldolase, and cofilin-1 migrating at a molecular weight higher than its full-length. The GAPDH catalyzes the reversible conversion of glyceraldehyde 3-phosphate into glycerate 1,3-bisphosphate through NAD + reduction (Kim and Dang, 2005) , and abundance changes of GAPDH, at the protein level, have not been observed in relation to chicken strain or muscle type. However, the same phenomenon was discussed for band 26 where the changes in protein concentration of fructose-bisphosphate aldolase were suggestive of a metabolic shift. For GAPDH, the metabolic shift is directed toward a catabolic state, and the broiler muscle tissue had higher concentrations of band 27 than the Leghorn muscle. The relationship of GAPDH to breast yield or skeletal muscle growth remains unresolved. Cofilin-1 and the fructose-bisphosphate aldolase fragment were identified across all bands; however, only a few fragments were matched in comparison to GAPDH, thus we assume these proteins are biologically unimportant comigrating proteins.
Band 16, which was not specifically associated to the main effects but was associated to the strain × muscletype interaction effect, was greater in the broiler p. major than in the Leghorn supracoracoideus. Although this study did not evaluate meat quality issues between broilers and Leghorns, previous studies have shown there is a negative association between pyruvate kinase and the elasticity of thermally induced meat gels derived from p. major of fast-growing turkeys (Updike et al., 2005) . In addition, pale poultry muscle syndrome has been identified in poultry selected for increased breast yield (Smith and Northcutt, 2009 ). This syndrome is accompanied in reduced downstream processing functionality of the meat derived from the p. major of affected birds. Thus, it is possible that the increased expression of pyruvate kinase in the p. major of the broiler is associated with the rapid drop in pH observed in birds exhibiting pale poultry muscle syndrome. Also, there is a possibility that the modest increase in the protein concentration in band 16 in the broiler p. major could be due to the presence of an isoform not present, or present in an increased concentration, in the supracoracoideus of the Leghorn but not present in the p. major of the Leghorn and supracoracoideus of the broiler. It is a reasonable speculation because none of these muscles have been reported to give rise to pale poultry muscle syndrome.
Conclusion
The proteins identified in this study indicate a shift in the energetic metabolism unique to the differential muscle growth between the strains and muscles. The selection processes broilers and Leghorns have been subject to are based on economic interests. The adaptations that occurred in the animals due to such genetic selection pressure remain obscure. The identification of candidate proteins that are related to muscle differences will allow for further characterization of specific gene regulators and promoters controlling muscle development.
